General Disclaimer 


One or more of the Following Statements may affect this Document 


• This document has been reproduced from the best copy furnished by the 
organizational source. It is being released in the interest of making available as 
much information as possible. 


• This document may contain data, which exceeds the sheet parameters. It was 
furnished in this condition by the organizational source and is the best copy 
available. 


• This document may contain tone-on-tone or color graphs, charts and/or pictures, 
which have been reproduced in black and white. 


• This document is paginated as submitted by the original source. 


• Portions of this document are not fully legible due to the historical nature of some 
of the material. However, it is the best reproduction available from the original 
submission. 


Produced by the NASA Center for Aerospace Information (CASI) 



JPL PUBLICATION 82-92 


(liASA-CK- I70I24) STABILIZED ACOUSTIC 
LEVITATION OF DENSE HATtiilALS USINO A 
hloU-POMEBED SXHEN (Jet PropulsioD Ldb. ) 

4d p HC AOJ/HF AOl CSCL 2JA 

G3/71 


N8J-2 1893 


Uncidis 

03183 


Stabilized Acoustic Levitation of 
Dense Materials Using a 
High-Powered Siren 


Paul M. Gammell 
Arvid Croonquist 
Taylor G. Wang 



December 15, 1982 


fWNSA 

National Aeronautics and 
Space Administration 


Jet Propulsion Laboratory 

California Institute of Technology 
Pasadena. California 


JPL PUBLICATION 82-92 


Stabilized Acoustic Levitation of 
Dense Materials Using a 
High-Powered Siren 

Paul M. Jlamrr.eil 
Arvid Croonquist 
Taylor G. Wang 


December 15, 1982 


rWNSA 

National Aeronautics and 
Space Administration 


Jet Propulsion Laboratory 

California Institute of Technology 
Pa‘=adena. California 


The research described in this publication was carried out by the Jet Propulsion 
Laboratory, California Institute of Technology, under contract with the National 
Aeronautics and Space Administration. 


CONTENTS 


I. Introduction 1 

II. The Siren and Associated Systeas 3 

III. Neasurenent Techniques 7 

A. Microphone and Associated Electronics 7 

B. Restrained Samples 8 

IV. Measurements and Observations 9 

A. Frequency Response and Pressure Field of Siren . . 9 

B. Observations of Sample Levitation 14 

C. Measurements of the Sound Field 19 

D. Relationship of Harmonic Content and Waveform ... 21 

E. Mapping the Sound Field 29 

F. Effect of the Sample and Its Position on the 

Spatial Distribution of the Pressure Field .... 33 

V. Conclusions 39 

References 40 

Tables 

1. Harmonic content of sound pressure at lower 

reflector, both reflectors flat 24 

2. Harmonic content vs height from lower reflector, 

both reflectors flat 26 

3. Harmonic content of sound pressure at face of flat 

lower reflector for concave upper reflector .... 28 

FlRures 

1. Cross section of siren, motor, and reflector 

system 5 

2. Acoustic output of the siren vs frequency 10 

3. Acoustic output of the siren vs horizontal position 

at various heights above the horn opening 11 

4. Spatial location of minima on acoustic field ... 12 

5. Reflector geometries studied 15 

6. Intermediate concave reflector geometries 16 

7. Dense objects being levitated by siren 17 

8. Comparison of frequency response with a flat and a 

concave upper reflector 20 

111 


CONTENTS (Continued) 


9. Sound pressure waveform at lower reflector, with 

upper reflector removed 23 

10. Waveforms and harmonic content for flat reflector 

geometry 25 

11. Acoustic pressure waveforms In the siren-reflector 

system 30 

12. Acoustic field mapping for flat upper and lower 

reflectors 31 

13. Acoustic field mapping for flat lower reflector and 

modified concave upper reflector 32 

14. Comparison of the acoustic field In the levitation 

region produced by the flat and the modified con- 
cave reflector geometries 34 

15. Acoustic field mapping for flat lower reflector and 

spherically concave upper reflector 35 

16. Effect of sample on sound field with flat upper and 

lower reflectors 37 

17. Effect of sample on sound field with flat lower 

reflector and modified concave upper reflector . . 38 


Iv 


ACKNOWLEDGEMENTS 


The authors are grateful to Mark Lee, Dan Elleman, C. 
Youngberg, and S. Parthasarathy for their technical discussions. 
The technical support of Ed 0111, Dan Granett and Sandy Ladner on 
the various phases of this project is gratefully acknowledged. 

The patience of Dorothy Crawford in typing the early drafts and 
of Jean Arrowsmlth, who did the artwork, is gratefully acknow- 
ledged. The first author (P. Gammell) wishes to thank Dennis 
Le Crolssette for calling his attention to this area of acoustics. 
The authors gratefully acknowledge the funding through NASA's 
Materials Processing in Space Progran Office and its program 
manager. Dr. William A. Oran. 


V 


ABSTRACT 


Stabilized acoustic levitation and manipulation of dense 
(e.g. steel) objects of 1 cm diameter, using a high-powered 
siren, was demonstrated in trials that investigated the harmonic 
content and spatial distribution of the acoustic field, as well 
as the effect of sample position and reflector geometries on the 
acoustic field. Although further optimization is possible, the 
most stable operation achieved is expected to be adequate for 
most containerless processing applications. Best stability was 
obtained with an open reflector system, using a flat lower re- 
flector and a slightly concave upper one. Operation slightly 
below resonance enhances stability as this minimizes the second 
harmonic, which is suspected of being a particularly destabiliz- 
ing influence. 


I. 


INTRODUCTION 


Acoustic levitation has been proposed as a aeans of oon- 
tainerless processing of naterials. Previous Investigators have 
used a variety of devices to achieve acoustic levitation; the 
continuing problem has been to provide power levels strong enough 
to levitate dense objects and, at the same time, to design a 
system that can provide stabilized levitation of the objects. 


For example, stable acoustic levitation against the earth's 
gravity in a gaseous medium has been demonstrated by Wang et al. 
(197**) and others (Vhymark et al., 1979). 


These studies were limited to low density samples because 
the acoustic power levels produced in the resonant chambers by 
conventional electro-acoustic transducers (loudspeaker coils and 
piezoelectric devices) were only 140 to 150 dB. These sources, 
which have the advantage of being well defined as to geometry and 
performance, can be operated over a wide frequency range. 


More recently, Lee and Feng (1982) have demonstrated the 
stable levitation against the earth's gravity and manipulation of 
high density submillimeter objects using & focussing radiator to 
produce sound levels of 172 dB by concentrating the energy from 
individual 130 PZT transducers. 


St. Clair (1941) produced high intensities for the acoustic 
levitation of heavy objects by using a magnetic driver and a 
resonant cylinder. This device makes use of the high-Q resonance 
of an aluminium cylinder and, in the form he used it, could not 
be operated over a range of frequencies as the driver itself is 
resonant and there appears to be no easy way to change its 
resonance frequency to compensate for the change of the acoustic 
resonance of the region between the reflectors. (The resonant 
frequency of the region between the reflectors is affected by 
temperature, humidity, and sample size.) 


Allen and Rudnick (1947) demonstrated the levitation of high 
density objects of a few centimeters dimension by using a high 
powered siren. A properly designed siren can produce extremely 
high intensities, with an efficiency of over 50 % (Jones, 1946). 
The siren is particularly efficient when its high acoustical 
impedance is matched to the impedance of the air by an 
exponential horn (Jones, 1946; Allen and Rudnick, 1947). 
Furthermore, the frequency of the siren can be readily varied, 
which is not the case with the St. Clair resonant device. 
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Although a device baaed on the airen to levitate heavy objeota of 
1.2 CD diameter waa aucceaafully demonatrated by Allen and 
Rudnick, conatant adjuatmenta auat be made to the airen frequency 
to maintain the object in the acouatic field. Even with the moat 
careful manual manipulation of the airen frequency, the aample 
occaaionally underwent large oacillationa for no apparent reaaona 
and eventually ejected from the field. Objeota could not be 
levitated for long perioda of time, aa la neceaaary for 
contalnerleaa proceasing, without cloae operator attention. 
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II 


THE SIREH AHD ASSOCIATEP STSTBMS 


The goal of the present study was to identify the causes of 
the instability experienoed in the study by Allen and Rudniok and 
to reaedy the instability so that the siren aay becoae the basis 
of an acoustic levitation facility suitable for containerless 
processing of high density objects of over 1 aa size in the 
earth's gravity. Specifically, we wished to find a reflecting 
geoaetry that would give better stability than the parallel re- 
flectors previously used. He also wished to identify the factors 
that affect the strength and stability of acoustic levitation. 


A siren produces sound by periodically interrupting an 
otherwise steady flow of coapressed air. Typically, this is done 
by forcing the coapressed air through two carefully aligned rows 
of holes In two closely spaced aetal plates, one of which is 
stationary and and the other of which rotates. The rate at which 
these holes fill Boaentarily Into allgnaent becoaes the fundaaen- 
ial frequency of the resulting highly nonslnusoidal wavefora. 


In this conventional lapleaentation the siren is a ring 
source. The resulting spatial pressure distribution can be used 
to advantage when levitating objects in an intrinsically 
cylindrical reflector geoaetry. 


Sirens have several fundaaental drawbacks. One is that the 
acoustic pressure wavefora is rich in haraonlcs, which would be 
expected to affect the stability with which a saaple is levitated 
and positioned because aultiple aodes are excited in the resonant 
reflector systea, producing conflicting force distributions. The 
pressure and teaperature of the air supplied to the siren by the 
compressor is subject to variations which affect the sound 
pressure level of the siren output and the resonant frequency of 
the reflector system, respectively. The pressure varies because 
compressors are mechanical devices that are typically designed 
for heavy-duty rather than precision applications. The air is 
heated by compression, and its teaperature when it reaches the 
siren depends on the thermal losses In the interconnecting 
plumbing which, in turn, depend on such factors as the length of 
time the system has been running, the ambient teapei Jiture, venti- 
lation, etc. The siren speed, and thereby the acoustic 
frequency, is determined by the speed of the motor. Since this 
motor Is of the order of a horsepower, it would normally be of 
the Induction type, which, of necessity, operates with a certain 
amount of "slip" with respect to the line frequency (Puchstein et 
al., 1960). 


3 


Our siren design Is similar to the one used by Allen and 
Rudnlck (1947). The rotor and stator each have 100 holes of 2.54 
mm diameter on a 76.4 mm radius. The rotor is mounted on a 
precision bearing that allows adjustment of the clearance between 
the rotor and stator and Is driven by a 1.5 hp variable-speed 
motor. The acoustic Impedance of the siren Is matched to the air 
by a tapered horn section designed to approximate the exponential 
horn of Rudnlck (1974). The siren was mounted with the axis of 
rotation vertical. The acoustic reflectors were symmetric about 
this axis. The sound diffracted around the lower reflector into 
the space between the reflectors. This design is expected to 
minimize the Influence of the supply air flow on the levitated 
sample and Its positional stability. 


Fig. 1 shows the relation of the siren, the horn, the colli- 
mating section following the horn, and the reflector system used 
to produce the standing waves required for acoustic levitation. 


In our system the drift of the motor speed was reduced by a 
servo system to maintain constant voltage to the motor. This 
produced adequate stability of the motor speed to maintain the 
sample levitated in a stable position for over an hour. The day- 
to-day reproducibility of the siren frequency was about ± 10 Hz 
for a given setting of the control. In practice the operator 
would determine the precise frequency to use by observation of 
the behavior of the sample. The main reasons that the siren had 
to be re-tuned frequently was the slow drift of the motor speed 
(which determines the siren frequency) and the variation of the 
temperature of the air (which determines the resonant frequency). 
Improved stability, if needed, could have been provided by an 
outer feedback loop. In order to servo the set point of the motor 
voltage controller to keep the frequency (or motor speed) con- 
stant. 


A first order correction to the drift of the temperature of 
the air supply was provided by a heat exchanger to remove the 
compressor heat from the air supplied to the siren. This pre- 
vented the upward drift of the resonance frequency as the 
plumbing from the compressor heated up. Although this improve- 
ment was adequate, additional stability could be provided by 
regulating the temperature of the air supply. 


The air supply system was also equipped with a moisture 
trap. Elimination or control of the moisture content of the air 
is Important as it Is another factor which affects the resonance 
frequer'sy of the reflector system. 
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Figure 1. Cross section of sirer, motor, and reflector system 
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The possibility of othsr i»proY«asnts was also idantlfiad, 
such as ballasting or control of tha pressura of tha air supply. 
Thasa changas vara not iaplanantad as thay wara not found to ba 
crucial at this stags of davalopaont. 


A sanpla can be posltionad in tha acoustic fiald by radia- 
tion prassura alona. This raquiras that standing wavas ba pra- 
sent which, in turn, roquiras soaa sort of raflactor systaa. Tha 
saapla will ba drlvan towards the ainlaua of tha aablant (tlaa- 
averagad) prassura fiald. For tha casa whara tha dansity of tha 
saapla is Bv^ch graatar than that of the aadlua, tha radiation 
prassura is dsscribad by tha Bernoulli aquetion (Vi«ng, Saffran, 
and Elleaan, 1977; Wang, Saffran, and Ellaaan, 197<t; Landau and 
Llfshits, 1959; and Wastarvalt, 1977): 

< P> = (p2/2pc2) - (l/2)p(v2) 


where 

< P> is the radiation pressure 

p is the excess acoustic pressure 

V is the gas ^article velocity 

p is the der.slty of the gas 

c is the velocity of sound In the gas 

and a bar over a quantity denotes a tlae average. 


Clearly, the aa blent ^reseiure will be a ainlaua at tha 
velocity antinodes, where v^ is a aaxlaua and p2 Is a ainlaua 
(Ideally zero). Thus, a levitated saaple will be forced towards 
the velocity antinodes. Since the pressure gradient, and there- 
fore tha force at the reflector surface Is zero, the saapla aust 
Initially be supported away froa tha surface, as by the aesh 
shown In Fig. 1. 


Out of consideration for the safety of the operator and tha 
disposition of the other occupants of the building, tha siren 
levitation systea was enclosed In a special enclosure, fitted 
wlth'a glass observation window. An electrically driven traverse 
was used to expedite field sapping. Even wltl the acoustic 
Insulatlan, tha sound levels ware about 75 dB at 1 aeter froa the 
observation window, and tha operator used ear protection 
ponslsting of both ear plugs (rated at AO dB at 3 WHz) and ear 
phones (rated at over 2A dB at 3 kHz). Double ear protection was 
used to provide an extra aargln of safety and It w:3 not assuaed 
that the dB protection would necessarily be additive. 
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III. MEASUREMRNT TECHNIQUES 


A. Microphone and Associated Electronics 

The sound pressure was measured using Kistler Type 6001 
quartz pressure transducers, which are capable of withstanding 
the highest sound pressure encountered. The output was amplified 
by a Kistler 5004 charge amplifier. The voltage from this 
amplifier was converted to a decibel reading by a Hewlett-Packard 
model 3403c digital voltmeter. The manufacturer's calibration of 
the transducer was used to relate the electrical charge output to 
the incident acoustic pressure. The data is reported as a SFL 
(sound pressure level) in dB re 2.0 x 10**^ dyne cm"^. The noise 
level of the microphone and amplifier Is I30 dB, which is low 
enough for these high intensity applications. 


The output of this amplifier, which is an accurate 
representation of the sound pressure waveform, was recorded on an 
oscilloscope when waveforms were reported and was analyzed with a 
PancK'amic LP-1A sweeping spectrum analyzer (20 Hz to 20 KHz) for 
harmonic analysis. The accuracy of the spectrum analyzer is 
about */~ 1 dB. 


For precise measurements the frequency was measured from 
this signal using a Hewlett-Packard 5243L counter. When data was 
acquired more rapidly, the calibration of the motor speed 
control, which was previously checked against the counter, was 
used, reproducing the frequency to an accuracy of +/- 10 Hz. 


The acoustical output of the siren is reasonably constant even 
if no effot t is made to automatically regulate the pressure head. 


When studying the factors that affect the acoustic output, 
choice of the microphone location is Important for accurate 
measurements of the acoustic field, since the microphone should 
not perturb the field appreciably while measuring it faithfully. 
For measuring the frequency dependence, this was solved by 
making the microphone (Kistler type 6001, 6.3 mm diameter) an 
integral part of and flush with the face of the lower reflector. 
Since the microphone was located in the center of the r;flector, 
this has the additional advantage of being at the location of the 
pressure maximum for all modes of the lowest radial order. 


When the sound field was to be mapped, a microphone small 
enough not to seriously perturb the sound field was needed, 
together with a positioning apparatus. The same type of Kistler 
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6.3 ■■ dlMf «r Bicrophone vas supportad by a 6.3 ■■ rod aountad 
axially, ao at tha rod and aloropbona totathar had tha aaaa 
acouatlo profila aa a alngla 6.3 ■■ diaaatar rod. Although thia 
praaanta a alight parturbatlon to tha aound flald, tha data la 
navarthalaaa fait to ba rapraaantatlva. Tha aiorophona waa 
travaraad horl:;ontally (parpandlcular to tha axla of tha alra*:) 
acroaa tha aound flald by a laadaoraw saohanlaB that atappad tha 
■lorophona at praclaaly 1.81 ■■ Incraaanta. 


Throughout thla text "vartloal” will rafer to tha dlractlon 
of the axla of tha alran, In unlta that atart at s«0 at the 
aurface of the lower reflector and Increaae toward tha upper 
reflector, aa ahown In Fig. 1. The horlaontal dlractlon la 
perpendicular to thla axla of aynaetry of the alren and the 
reflectora. When the abaolute aound preaaure letral la plotted 
agalnat Uie alcrophone position, the horlaontal distance la 
expressed In units which are noraallzed by the size of tha lower 
reflector: The distance of the nlcrophone froa tha center of the 

reflectors la divided by the radlua of the lower reflector. Thla 
nuaber Is zero when the alcrophone la in the alddla and 1 
when the alcrophone la at the edge of the lower reflector. Since 
the field is expected to be azlauthally ayaaetrlc, tha field was 
aeasured on only one side of the center of the reflector. To 
provide a check on the allgnaent of he traverse apparatus and 
the syaaetry of the field, data was ken over a region which 
extended to 20.4 aa the other side o he alddle of the reflector 
region. Traverses were aade with the alcrophone at varying 
heights above the lower reflector, which was a paraaeter of these 
faollles of plots. 


B. kaatralnad Saeolaa 

Soae experlaents Involved the effect of the saaple position. 
Measureaents of the aound pressure In the presence of an unre- 
strained levitated saaple are coapllcated by the wandering of the 
sample and by the fact that it would be attracted to the aicro- 
phone by the same acoustic forces that cause two or aore levi- 
tated objects to be drawn together. To overcoae this problem a 
restrained sample was used. This consisted of a 12.7 an diameter 
steel ball that was attached to a thin rod. This restrained 
saaple was positioned In the field at the elevation a sample 
would normally levitate and at the horizontal position either In 
the center of the reflector, or to one side, as dictated by the 
criteria of the experlaent. When the sound field was sapped with 
the restrained sample in place at a chosen location, the 6.3 
diameter alcrophone was traversed horizontally at a designated 
height. 


IV. MEASURBffiNTS AND OBSERVATIONS 


A. Freouency R esponse and Pressure Field of Sirftn 

1. Slran Alone. The acoustical output of the siren la 
reasonably constant over the frequency range of Interest for 
these levlta.lon studies. Figure 2 shows the frequency depen- 
dence of the pressure weasured at the center of a flat reflector 
located atop the rotor housing, with the upper reflector reaoved, 
over a frequency range around that used for levitation. The 
Microphone was an integral part of the reflector. Since the 
diameter of the reflector Is only of the order of a wavelength, 
the sound Is expected to be diffracted around It and Into the 
levitation region. The acoustical output of the siren Is fairly 
constant over the frequency range of Interest, showing a trend 
that decreases only 4.5 dB from 2900 Hz to 3800 Hz.. 


On top of this constant level there was a fine variation of 
approximately -*■/- 1 dB with a periodicity of 140 Hz. When the 
acoustical pressure waveform was examined carefully on an 
oscilloscope, it was seen to be amplitude modulated by 10]t at 
around 140 Hz. This Is undoubtedly due either to slow fluctua- 
tions of the compressor output, resonated by the plumbing, or to 
the effect of the resonance of the plumbing on the Impedance of 
the air supply as seen by the siren downstream. There are 
several sections of pipe that are close to the resonant length of 
1180 mm, such as the water cooling loop. 


The spatial distribution of the acoustical energy of the 
siren with the matching horn was measured. (That Is, the siren 
without reflectors, or a collimating ring, but including the 
approximately exponential Impedance matching horn.) 


Figure 3 ahows the dependence of the SPL on the horizontal 
distance from the center of the siren at several constant heights 
above the opening of the horn. The siren was operated at a 
frequency of 3260 Hz, at which the radius of the siren hole 
circle was 0.725 wavelengths. The most striking features of 
these plots Is the regular progression of the minima, which may 
be expected to closely resemble the pattern of an ideal ring 
source. When the spatial locations of these minima are plotted 
in Fig. 4, they are seen to lie along a line which makes an 
angle of 29 ° with respect to the axis of the siren and 
extrapolates to the axis 45.4 mm below the outlet of the horn. 
(The siren holes are located 67>6 mm below the outlet of the 
horn, on a radius of 76.2 mm, as Indicated in Fig 4.) Allen 
and Rudnick (1947) observed the minima at approximately 38^ at a 
radial distance of 25 cm from a similar siren operated at 3250 Hz 
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Figure 2. Acoustic output of the siren vs frequency. The 
microphone is located within the lower reflector, which 
is mounted atop the impedance matching horn. No upper 
reflector is present. 
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Figure 3. Acoustic output of the siren vs horizontal position at 
various heights above the horn opening. Reflectors are 
removed. The frequency la 3260 Hz. 

0 25.4 mm above horn opening 

Q 50.8 mm above horn opening 

V 76.2 mm above horn opening 

A 101,6 mm above horn opening. 
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Figure 4. Spatial location or ainiM on acoustic field 
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with an exponential horn. When the present data Is extrapolated to 
a 25 OB radius, the angle of this null with respect to the top of 
the horn, which Is the reference plane used by Allen and Rudnlck, 
is 33.6®. 


That the apparent source point la not precisely at either 
the plane of the mouth of the horn or at the plane of the siren 
rotor disk Is not at all surprising. Any lapedance transforaa> 
tlon device such as the exponential horn Is expected to shift the 
virtual source point from which the sound appears to emanate. 
Heyser (1971) has reported that the apparent position of the 
source of a loudspeaker Is behind Its physical location for a 
loudspeaker with an Imperfect frequency response. 


The power levels are also similar, being 158 dB at 10 cm 
above the center of our siren and 155 dB 25 cm above the center 
of that used by Allen and Rudnlck. 


2. Siren With Reflectors. When the siren is used for acous> 
tic levitation, a resonant reflector system is needed both to 
further Increase the power and to produce the standing waves 
which provide an equilibrium levitation position. Many reflector 
geometries were Investigated, Including totally enclosed resonant 
chambers and pairs of reflectors that are open on the sides. 


Both a cylindrical and a rectangular enclosed geometry were 
tried. With both of these, the sound was Introduced through a 
hole in the center of one of the planar walls after being 
concentrated from the siren's ring source by a cone section. 

Both of these enclosed geometries resulted in very poor stability 
of the sample position. Several reasons are suspected for the 
instability. One Is that the sound Is concentrated to excessive 
levels, which causes the production of harmonics, especially the 
second harmonic. Another reason Is that tightly confining the 
streaming and other convective currents results in their 
competing with the radiation pressure forces in determining the 
position of the sample (Lee and Feng, 1982). 


Several open reflector geometries were tried: (1) two plane 

reflectors, (2) two concave reflectors, (3) s plane reflector on 
top and a concave reflector on the bottom, and (A) a concave 
reflector on the top and a flat reflector on the bottom. These 
geometries were Investigated with various spaclngs between the 
reflectors and with several choices of the radius of curvature. 
The stability of levitation was observed throughout the vicinity 
of the fundamental resonance. (Generally, the most stable levl> 
tatlon was obtained slightly below the resonance.) The three 
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geometries that gave the most stable results are shown in Fig. 5. 
They are, In order of increasing stability: (1) plane parallel 

reflectors (Fig. 5a), (2) a flat lower reflector with a concave 
upper one (Fig. 5b), and (3) the same as (2), but with a modifi- 
cation from being a section of a hemisphere (Fig. 5o). (The 
modification consists of filling in the center of the hemisphere 
slightly.) In all cases, the lower flat reflector was arbitrari- 
ly chosen as 122 mm, which is of the order of a wavelength at the 
frequency used, namely around 3200 Hz. 


Experiments were conducted on the effect of the reflector 
spacing and geometry on the power and stability of the levita- 
tion. In all cases the siren frequency was adjusted for optimum 
performance. Several upper concave reflectors were tried, with 
different radii of curvature. In each case, several reflector 
spaclngs were also tried and the siren frequency was varied at 
each to optimize the strength and stability of the levitation. A 
spacing of 66 mm between the 122 mm diameter plane reflectors of 
Fig. 5c was found to be optimal. A good choice of dimensions for 
the concave reflectors was a small (59 nim chord) portion of a 
hemisphere of 38.1 mm radius. The dimensions of these reflectors 
are In general agreement with the observation of Lee and Feng 
(1982) that the optimum reflector size is of the order of 2/3 of 
a wavelength. 


Intermediate geometries (see Fig. 6), wherein a larger sec- 
tion of a hemisphere was used or the flat sides around the con- 
cave region were larger, produced poorer results in that the 
sample moved sideways more erratically. It was found that a full 
hemisphere of 38.1 mm radius gave good stability of levitation 
but could not lift steel balls even as small as 12.7 nm diameter. 
The small section of a hemisphere shown In Fig. 5b gave better 
stability and could repea tably levitate a single 19 mm diameter 
steel ball or three 12.7 mm diameter steel balls. A slight 
change from the geometry of Fig. 5c may produce an even stronger 
and/or more stable levitation. 


B. Observations of Sampl e Levitation 

The system with a concave upper reflector repeataoly and 
stably levitated steel and luolte balls of 12.7 mm and 19.05 mm 
diameters respectively. Fig. 7a demonstrates the levitation of a 
19.05 mm diameter steel ball, while Fig. 7b demonstrates the 
stable levitation of an irregularly shaped glass object of a 
similar size. The natural tendency of objects to spin due to 
torques of the acoustic field (Busse and Wang, 1981) typically 
enhances the stability of a highly symmetric object. In the 
acoustic field of the siren- ref lector system, the levitated ob- 
ject will usually spin In the horizontal plane. With a slight 
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change of frequency or perturbation of the field, as by another 
object, aplnning of the levitated object aay alow down, reverse 
direction, then speed up In the opposite direction. An Irregu- 
larly shaped object, such as shown In Fig. 7b, can be prevented 
from spinning by azlauthally perturbing the field, as by a saall 
C-claap attached to the edge of the upper reflector. The autual 
attraction of three steel balls being levitated la deaonstrated 
In Fig. 7c. 


Generally the saaples are levitated aore stably when the 
siren frequency Is slightly below the resonance of the reflector 
systea. 


Experlaents were conducted to quantify the motion of the 
sample. A 15.875 nm dlaaeter steel ball was coated with fluore- 
scent paint and a 30 sec. time exposure taken of its action using 
an ultraviolet light source. The reflector systea consisted of a 
concave upper reflector and a flat lower one. 


At the lower limit of levitation (3208 Hz), the sample 
motion was almost imperceptible. At the frequency that would 
normally be used for levitation with this particular reflector 
spacing (3232 Hz), a slight horizontal motion of approximately 4 
mm and even less vertical motion was observed. Further increase 
of the frequency to 3242 Hz caused the sample to aove In a 
d^«nward feeing arc (l.e., an inverted "U"). The limits of 
displacement of the sample were 2.5 ca horizontally and 1.0 cm 
vertically. This is the type of Instability most commonly ob- 
served both with a flat and a concave upper reflector. If the 
hopping becomes extreme, as It would with some choices of reflec- 
tor geometry, sample, and siren frequency, the sample may oscil- 
late with ever increasing aaplltude and eventually be ejected 
from the levitation region. 


Vertical hopping, which Is less frequently seen, was ob- 
served at • siren frequency of 3258 Hz, which Is the upper limit 
of levitation for this particular combination of reflectors and 
sample. The amplitude of this hopping was 1.2 cm. 


Occasionally the sample may aove In a pendulua-llke manner, 
describing a U-shaped path. This was observed with a 9.525 mm 
diameter steel ball In the same reflector geometry, at a fre- 
quency of 3218 Hz, 10 Hz above the lower limit of levitation, 
where the sample had been very stable. The vertical motion was 4 
mm and the horizontal motion 15 mm. 
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C. nta of the Sound Field 


1. CoMoarlaon of Qaoaatrles. Maaaureaents ware wade on the 
sound field within the levitation region and at the center of the 
lower reflector on all three geoaetries of Fig. 5 in order to 
deteralne the reasons for the greater levitation power and im- 
proved stability of Fig. 5c. 


These aeasureaents included measuring the sound pressure 
level, waveforms, and spectrum at the center of the lower 
reflector as the frequency was varied and mapping the pressure 
level in the levitation region. The effects of the presence of a 
sample and its position were also studied, using a 12.7 ■■ 
diameter steel ball attached to a small support rod, which will 
be referred to as a "restrained sample”. 


Fig. 8 compares the frequency response of the flat geometry 
of Fig. 5a with the geometry of Fig. 5b, which consists of a flat 
lower reflector and a concave upper one. This data was obtained 
with a 6.3 mm diameter microphone which was an Integral part of 
the reflector and was flush with the face of the reflector at its 
center. The concave reflector has a higher Q, of about 54 
(measured from the -3 dB points), as opposed to the Q of 29 for 
the flat reflector, and has 4 dB higher SPL at resonance, which 
accounts for its greater levitating ability. Data was also taken 
to compare the frequency response of the concave reflector system 
and the modified concave system (see Fig. 5b, 5c). The modifica- 
tion affects the magnitude of the resonance by less than 0.5 dB. 
The resonance was shifted up by less than and the second and 
third harmonic content changed by 3 dB or less. 


2. Effect of the Sample on the Frequency R esponse. The 
shift of the resonance with the vertical position of the sample 
can be predicted from excluded volume considerations (Smith et 
al., 1974). The dependence of the resonance on the horizontal 
position, which Is more complicated, has recently been investi- 
gated by Barmatz, et al. (1982) for enclosed geometries. It is 
not clear that these .'*esults apply accurately to this open 
system, so the resonance shift was investigated empirically. 


The curved reflector with perturbation Increased the SPL at 
the lower reflector by 18 dB over that of the free field case. 
Putting the sample in the center of the region in which it would 
levitate lowered the resonance by 20 Hz but did not affect its 
magnitude appreciably. Moving the sample 13 mm to the side 
increased the resonance by about 5 Hz. 
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MICROPHONE POSITION -i- LOWER REFLECTOR RADIUS 


Figure 8 


Coaparlson of frequency response with a flat and a 
concave upper reflector. Microphone Is located 
flush to the surface of the flat lover reflector: 

A flat upper reflector 
Q concave upper reflector. 










The effect of the presence of the asiiple on the frequency 
rwaponse of the flat resonator of Fig. 5* end of the healspherl- 
oal geoaetry of Pig. 5b were compared. The introduction of the 
restrained staple reduced the Q of the resonance froa 29 to 22.6 
for the flat re^'eotor geometry, but did not affect the Q of the 
concave geometry aeaaureably. With both geoaetries, the presence 
of the restrained sample affected the amplitude at resonance by 
less than 0.5 dB. It shifted the resonance down, by 28 He for the 
flat reflector and by 20 Hz for the curved reflector. 


The effect of change of sample position on the resonance was 
Investigated. For the case of the flat I'pper reflector, moving 
the ball 25.4 am horizontally froa the center changed the ampli- 
tude of the SPL at the lower reflector by less than 1 dB and 
raised the resonant frequency by 20 Hz, while raising the Q froa 
22.6 to 26.6. 


For the case of the concave upper reflector (Fig. 5b), the 
changes are almost iaaeasurable. The resonant frequency shifted 
by less than 5 Hz, the amplitude changed less than 0.5 dB, while 
the change in 0 cannot be measured. 


Perhaps one reason the b 4lspherical geometry is more stable 
is that its lescnance Is less sensitive to the sample position. 


D. iglitionahip af.liijmoniQ Confcqnt and WiYoCara 

1. Without Reflectors. When the siren Is operated without 
the upper reflector, but with the collimating rings, the waveform 
Is triangular, as Is evident in the oscilloscope trace (Fig. 9). 
Essentially the sane waveform was observed for frequencies 
spanning more than an octave in the vicinity of the frequency 
used for levitation. All of the harmonics are at least 18 dB 
weaker than the fundamental, which contains over 98| of the 
energy. (For a symmetric triangular waveform the even harmonics 
are zero and the odd ones decrease at a rate of 12 dB/octave.) 

2. With Flat Refleotors . The sound pressure field and the 
harmonic content of the flat reflector geometry of Fig. 5s were 
measurec. A reflector spacing of 66 mm was used because this 
gave a resonant frequency close to that of the concave reflector 
system of Fig. 5c, with which comparisons are made. 


21 


Table 1 shows the haraonic content of the sound pressure 
wavefora measured with a microphone that is an Integral part of 
the face of the lower reflector, both with no sample present and 
with a restrained sample (12.7 mm diameter steel ball) at several 
locations representative of the normal motion of the levitated 
samples. 


From the levels of the first five harmonics it Is estimated 
that over 98^ of the energy is In the fundamental for the cases 
studied in Table 1. The even harmonics of these waveforms are 
not zero, as they would be for a waveform wl^h the appropriate 
symmetry. This lack of symmetry Is a direct consequence of the 
pressure dependence of the compressibility of air at these 
intensities. 


With no sample present, the strength of the second and third 
harmonics is decreased by 4 to 6 dB by using the lower, more 
stable frequency. The presence of a sample decreases these 
harmonics slightly, while its position has little effect. 


The variation of the intensity of each of the harmonics with 
height above the lower reflector of the parallel reflector 
system can be predicted from simple resonance considerations. 

The parallel reflectors are spaced a half wavelength of the 
fundamental apart. All modes vlll exhibit a pressure maximum at 
the reflectors. The fundamental will exhibit a pressui'e null at 
the mid-plane and will be 3 dB down in the plane a quarter of the 
spacing above the lower reflector. All odd harmonics, in fact, 
have null intensity in the mid-plane. The second harmonic will 
be maximum at the mid-plane and null at one-fourth the spacing 
from either reflector. 


Figure 10 shows the harmonic content and the corresponding 
waveforms of the sound field of the parallel reflector geometry 
for its resonance at the siren frequency of 3259 Hz at several 
locations in the sound field. Near the center of the field (30.5 
mm above the bottom reflector, on the central axis), only 72 % of 
the energy is in the fundamental and about 19K Is in the second 
harmonic. The third and higher order harmonics each account for 
less than 1)^ of the energy. The second harmonic content is great- 
ly increased over its value at the height of 15.5 mm above the 
reflector, where 97 % of the energy is in the fundamental and only 
2 . 5 % is in the second harmonic. 
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The Increase of the harmonic content over that observed at 
the reflector (Table 1) is expected, since the microphone is 
closer to the mid-plane between the reflectors, where the funda- 
mental and the odd harmonics theoretically cancel completely. 

In Table 2 we see the absolute levels of the fundamental, 
the first, and the second harmonics as calculated from the mea- 
surements of the total SPL and the harmonic analysis. 



Figure 9. Sound pressure waveform at lower reflector, with upper 
reflector removed. This, is representative of the free 
field waveform: from an oscilloscope trace. 
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Table 1. Harnonlc content of aound pressure at lower reflector, 
both reflectors flat 


Condi tlons/Harwonic number dB relative to fundamental 



2nd 

3rd 

4 th 

5th 

No sample, at resonance 

24 

24 

29 

30 

No sample, below resonance 

30 

28 

25 

28 

Sample in center, below resonance 

32 

23 

26 

30 

Sample 12.7 bb from center, 

32 

24 

27 

30 


below resonance 


UPPER REFLECTOR 




' / . ■ / / 

////y 
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HEIGHT ABOVE HARMONIC CONTENT. 

LOWER REFLECTOR. dB BELOW FUNDAMENTAL 


WAVEFORM 

MILLIMETERS 

2nd 

3rd 

4th 

5th 

a) 

30.5 

6 

20 

24 

25 

b) 

22.9 

9 

27 

31 

36 

c) 

15.2 

16 

28 

32 

35 

Figure 10. 

Waveforms and harmonic 

content 

for 

flat reflector 


geometry 
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Table 2. Harmonic content vs height from lower reflector, 
both reflectors flat 


Height above lower reflector, mm 




0.0 


15.2 

30.4 

Total SPL, dB 


173 


171 

164 

Power in fundamental, % 


99 


97 

73 

SPL of fundamental, dB 


173 


171 

163 

Power in second harmonic, % 

0.i( 


25 

20 

SPL of 2nd harmonic, dB 


149 


155 

157 

Power in third harmonic, 

, % 

0.4 


0.2 

0.8 

SPL of 3rd harmonic, dB 


149 


144 

143 

UPPER 

REFLECTOR 




mm. 






MICROPHONES 




W« note that towards the alddle of the field the fundaaental 
has decreaseo a full 10 dB froa the reflector while the second 
haraonic has Increased by 8 dB. (The third haraonic has fallen 
only by 6 dB.) This would be expected as the fundaaental and 
third haraonic have a pressure nodal plane aid-way between the 
reflectors, whereas the second haraonic is aaxlaua there. For 
this reason it nay well be that the second haraonic is the prin- 
cipal destabilizing influence in the plane reflector geonetry. 

The second haraonic is only 7 dB below the fundaaental. Since 
the theory of King (1934) predicts the force to Increase as the 
square of the pressure and Inversely with the wavelength, the 
force due to the second haraonic nust be 0.89 tines that of the 
fundaaental. Note that the second haraonic magnitude (157 dB) is 
greater than that used to levitate heavy objects in zero gravity 
and light samples (e.g., styrofoam balls) in 1-G in other 
systems. It is no wonder that a slight change in the second 
haraonic can seriously affect lateral stability in this system. 


Quite likely the reason that operation below resonance is 
more stable is that the second haraonic content is reduced. This 
also serves to keep the sample out of the mid-plane, which is 
where the second harmonic predominates. It has been repeatedly 
observed that the most stable levitation is when the sample is 
barely levitated, i.e., when it is only levitated slightly above 
the plane of maximum force, an eighth of a wavelength above the 
lower reflector. 


3. With Concave Upper Reflector. The harmonic analysis of 
the pressure waveforms measured by a microphone that was an 
integral part of the lower reflector is shown in Table 3. With 
the curved upper reflector in place the harmonic content varies 
considerably with frequency. The frequency of 3216 Hz gives the 
most stable levitation, while the frequency of 3298 Hz lifts the 
sample higher, but with less positional stability. With the 
lower frequency all harmonics are at least 15 dB below the funda- 
mental, which contains 951 of the total energy. This is in con- 
trast with the higher frequency, where the second harmonic is 
only 4 dB below the fundamental, which contains only 69$ of the 
total energy. Modes other than the fundamental undoubtedly con- 
tribute to the Instability, since the pressure distribution and 
thereby the force distribution is complicated by these higher 
order modes. 


The results with an unperturbed upper reflector are very 
close to those with the perturbation. The presence of the sample 
seems to lessen the effect of the frequency on the sound pressure 
measured at the lower reflector. For example, at the frequency 
above that of stable levitation, the second, third, and fourth 
harmonics are decreased when the sample is in the center, whereas 
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Table 3. Haraonic content of sound pressure at face of flat 
lower reflector for concave upper reflector 


Condi tions/Haraonlc nuaber dB relative to fundaaental 


2nd 

3rd 

4 th 

5 th 


No reflector, below resonance 

21 

18 

30 

>37 

Reflectors, below resonance 

18 

15 

40 

26 

Reflectors, at resonance 

4 

16 

18 

26 


UPPER REFLECTOR 



MICROPHONE 
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at the frequency of the aoet etable levitation the aaaple being 
at the center increased these haraonlos. (The third hamonlo is 
practically unchanged, however.) Moving the saaple 12.7 ■■ froa 
the center changes the haraonic content slightly. 


E. Mapping the Sound Field 

In order to better understand the factors that affeot the 
aass of a saaple that can be levitated by the airen>reflector 
system and its positional stability, the sound pressure field was 
napped for the three reflector geoaetrles shown in Pig. 5. The 
general variation of the sound field intensity and the pressure 
waveforms at different locations in the preferred configuration 
of the siren-reflector systea can be seen in Fig. 11. The upper 
reflector is healspherloal and the lower reflector flat. More 
detailed mapping and spectral analysis are presented in the 
following figures. In the plots that follow, the absolute sound 
pressure level is plotted against the microphone position. The 
horizontal coordinate of the microphone position is expressed in 
units that are normalized by the size of the lower reflector, 
namely the distance of the microphone from the center of the 
reflectors divided by the radius of the reflectors. Traverses 
were made with the microphone at varying height above the lower 
reflector, which was a parameter of these faallles of plots. 


Figure 12 shows the distribution of the sound pressure for 
the flat reflector geometry of Fig. 5a. Figure 12a shows the 
sound pressure at points in the central plane (midway between the 
reflectors) and below that plane. This la the region in which 
the levitated sample normally resides. Figure 12b shows the 
sound pressure at points above the central plane. 


Figure 13 shows the mapping of the sound pressure field for 
the reflector geometry of Figure 5c, where the lower reflector is 
flat and the upper reflector is a section of a hemisphere, modi- 
fied by filling in the central portion slightly. A free sample 
levitates to a maximum height of approxiaately 25.4 aa above the 
lower reflector. 


In order to rule out the possibility that the flatness of 
the curve for the 12.7 am elevation was due to the sound field 
saturating near 175 dB, the experiment was repeated, varying the 
pressure head of the air supply to the siren. The field plot 
retained its shape even when the siren output was reduced 13 dB 
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Figure 12. Acoustic field sapping for flat upper and lower reflectors. Horizontal plots shown for 
varlEMis heights above the lower reflector: (a) at heights below the central plane, 

(b) at heights above the central plane: 

© 15.2 as above the lower reflector A 38.1 as above the lower reflector 

a 22.9 ss above the lower reflector O ^5.7 sa above the lower reflector 

W 30.5 SB above the lower reflector 


<3* 53.3 sa above the lower reflector 
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MICROPHONE POSITION + LOWER REFLECTOR RADIUS 

Figure 13* Acoustic field mapping for flat lower reflector 

and modified concave upper reflector. Horizontal 
plots shown for various heights above the lower 
reflector: 

© 12.7 ■» above the lower reflector 

□ 19.1 UB above the lower reflector 

^ 25.4 mm above the lower reflector 

A 31.8 ui above the lower reflector 

<3> 38.1 mm above the lower reflector 
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by decreasing the pressure of the air supply froa around 7.5 pel 
to 3 pal. 


In Fig. 14 the sound pressure plots of the reflector geo- 
metries which use a flat upper reflector and which use a modi- 
fied concave upper reflectcr are compared for the region between 
the lover reflector and the central plane where a freely levi- 
tated sample would normally be. Data is shown both near the 
plane of maximal force (l.e., 12.7 mm and 15.24 mm above the 
lower reflector for the flat and curved geometry, respectively) 
and near the plane of zero force (19.05 mm and 22.66 mm for the 
respective reflectors). The curved reflector geometry is seen to 
give a stronger and generally more uniform field in the region. 


In Fig. 15 the SPL of the curved reflector geometry with the 
upper reflector not modified (i.e., the reflector is a section of 
a perfect sphere) is shown. This can be compared with the modi- 
fied concave geometry of Fig. 13. The modification has made the 
Z = 12.7 am plot of the curved reflector flatter and of higher 
level by about 2 dB. For Z greater than 25.4 mm, where the 
sample will never be, the intensity distribution of both the 
modified and the unmodified concave upper reflectors are more 
peaked than for the flat upper reflector. 


The modification was seen to make very alight (' 1 dB) 
change in the harmonic content measured 12.7 am above the face of 
the lower reflector, and imperceptible change in the waveform. 
This was observed both in the center of the field and 12.7 am 
from it. 


F. Effect of the Sample and Its Position on the Spatial 
Distribution of the Pressure Field 

It has been observed by other investigators and confirmed by 
the present study that a mutual attraction exists amongst objects 
that are levitated in the same sound field. This is demonstrated 
in Fig. 7c. Levitated objects will be attracted to any perturba- 
tion, such as a rod, that is moved into the field, and can be led 
about in the field by such an object. This iM because of the 
increase in the sound pressure upon reflection from the solid 
object. The sample itself causes such a localized increase in 
sound pressure, which undoubtedly plays an important part in the 
positional stability of the sample. For this reason, it is 
highly desirable to determine the effect of the sample on the 
sound field. 
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Figure 14. Conparlaon of the acoustic field in the levitation 
region produced by the flat and the nodi fled con- 
cave reflector ge<netries. Lover reflector la flat. 

© flat upper reflector, 15.2 hb above the 
lower reflector 

CE) flat upper reflector, 22.9 ■■ above the 
lower reflector 

^ modified concave upper reflector, 12.7 n 
*ibove the lower reflector 

A modified concave upper reflector, 19.1 ihb 
above the lover reflector 
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Figure 15. Acoustic field mapping for flat lower reflector and 
spherically concave upper reflector. Horizontal 
plots are shown for various heights above the lower 
reflector ; 

0 12.7 na above the lower reflector 

Q 19*1 BB above the lower reflector 

25.4 Bffl above the lower reflector 
^ 31.8 aa above the lower reflector 

<E> 38.1 aa above the lower reflector 
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TIm perturbing effect of the mb pie on the sound field wss 
slBulsted with s restrained ssBple. The sound pressure field was 
Bspped with the sasll (6.3 aa dlsaeter) alcrophone, aounted on s 
rod ss described earlier. 


Figure 16 deaonstrates the change of the sound field with 
saaple position when the frequency Is slightly below the 
resonance of the parallel reflector resonant systea cf Fig. 5a. 
The frequency was fixed at 3270 Hx, which was the resonant fre- 
, quency of the systea, and the SPL was aapped both with the Maple 
reaoved and with the saaple at two locations: one in the center 

of the reflectors and the other 12.7 aa to one aide. Although 
the effect of the saaple Is slight (approxlaately 1 dB), this 
data clearly deaonatratea that the spatial aaxlaua of the SPL 
follows the saaple. The saaple was a 12.7 aa dlaaeter steel 
ball, restrained at a height of 30.5 aa above the flat bottoa 
reflector at the designated horizontal position. The 6.3 aa 
dlaaeter alcrophone was traversed horizontally at a height of 
15.2 BB above the lower reflector. 


Figure 17 deaonstrates the effect of the Maple position on 
the spatial distribution of the sound field for the aodlfled 
curved reflector geoc.etry of Fig. 5c. The upper reflector geoae- 
try Is perturbed slightly froa a section of a sphere. The fre- 
quency was 3216 Hz during these aeasureaents, which was below the 
resonant frequency. The saaple was a 12.7 aa dlaaeter steel ball 
which was restrained at a height of 25.4 aa above the flat bottoa 
reflector at the designated horizontal position. The 6.3 aa 
dlaaeter alcrophone was traversed horizontally at a height of 
15.2 BB above the lower reflector. The saaple produces an 
Increase of the SPL by about 2 dB in Its laaedlate vicinity. 

This Increase results In an attraction aaong objects that are 
levitated slaultaneously. When this experiaent was repeated with 
the upper reflector not aodlfled as in Fig. 5b, the aodlflcatlon 
was seen to aake little difference. The perturbation of the 
field by the saaple probably increases the positional stability. 


Although the aodlfled concave reflector geoaetry gave excel- 
lent stability and could lift heavy saaples at rooa teaperatures, 
probleas were encountered when localized heating was coablned 
with levitation. Atteapts were aade at h«>ating the saaple with a 
light source, at electrically heating the acoustic reflectors, 
and with supplying heat froa a hot air Jet which was an integral 
part of the lower reflector. In all cases the acoustic field 
carried the heat away rapidly. Furtheraore, the teaperature 
gradients Increased the stability probleas. Oran (1979) suggests 
that localized heating and acoustic levitation aay well be Incoa- 
patlble. The solution possibly lies in enclosing the levitation 
apparatus In an ovenlike arrangeaent. 
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Figure 17. Effect of saaple on sound field with flat lower 
reflector and modified concave upper reflector. 
Restrained sample Is a 12.7 nun diameter steel ball 
located 25.4 mm above the lower reflector. 


© 

sample 

removed 


sample 

on sxis 

A 

sample 

12.7 mm frcmi axis 
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V. CONaUSIONS 


This study has demonstrated the feasibility of acoustically 
levitating high density objects of approximately 1 cm size in the 
earth's gravitational field, using the siren as an acoustic power 
source. Many factors affecting the stability of the levitation 
and other characteristics relevant to optimizing the system have 
been identified and considerable progress towards an optimized 
design has been made. Although further optimization is possible, 
this design is expected to be adequate for most containerless 
processing applications. 


An Impedance matching horn of some type is necessary for 
efficient transfer of energy from the siren to the levitation 
region. 


The most stable levitation of the designs studied was ob- 
tained with a reflector system consisting of a flat lower reflec- 
tor, close to the siren, and a concave upper reflector. Their 
spacing is approximately one-half a wavelength, while their la- 
teral dimensions are of the order of 2/3 wavelength. Good re- 
sults were obtained when the upper reflector was a small segment 
of a sphere, and even better results were obtained when it was 
perturbed slightly from being a perfect segment of a sphere. 


The optimum operating frequency was found to be slightly 
below the actual resonance. Frequencies below the resonance were 
observed to result in a lower harmonic content. When multiple 
modes are excited, the situation is complicated and the second 
harmonic is expected to be a particularly strong destabilizing 
factor as it is maximal in the plane midway between the reflec- 
tor, at the very place where the fundamental is null. The force 
of the second harmonic can conceivably be greater than 50 ^ of the 
force of the fundamental. Use of acoustic power in excess of 
that needed to maintain the sample slightly above the plane of 
maximum force is counterproductive in two ways: 1} The second 

harmonic content is increased, and 2) the sample is moved closer 
to the mid-plane, where the fundamental sound pressure is null 
and the second harmonic is maximal. Thus, as power is Increased, 
the behavior of the sample becomes increasingly dominated by the 
second harmonic. The well controlled frequency provided by a 
good motor speed control was essential for these studies. 


The reflector geometries that were open on the sides per- 
formed well. Enclosed geometries result in extremely unstable 
operation, probably due to the confinement of the sonic wind 
(streaming). 
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